We report on the generation of low spatial frequency laser-induced periodic surface structures along straight lines on fused silica by spatially scanning the laser parallel to its polarization direction. The influence of the applied laser fluence and the scanning speed on the periodic surface structures is investigated. The parameter study shows that periodic structures appear in a limited parameter regime of combined fluence and scan speed with periodicities smaller than the laser wavelength. Most strikingly, we observe a perpendicular orientation of the self-assembled periodic structures to the electrical field of the laser, notably a previously unreported result for this dielectric material. This behavior is explained taking into account calculations of surface plasmon polaritons including a Drude model for free carrier excitation within silica by femtosecond laser irradiation.
Introduction
Over the last few decades, Laser-Induced Periodic Surface Structures (LIPSS) have gained increasing attention due to the common availability of ultrashort pulsed laser sources. Additionally, intensified research has been raised by their widely diversified potential applications in wettability [1] [2] [3] , tribology [4] [5] [6] , cell cultivation [7] [8] [9] or anti-reflection coating [10] . These self-assembled structures were firstly reported by Birnbaum in 1965 after irradiation of a semiconductor with a polarized laser [11] . They typically arise on solid materials upon polarized laser irradiation with the fluence being near the materials' ablation threshold [1, 12, 13] . LIPSS have been shown on all material classes such as conductors [1, 2, 14] , semiconductors [5, 11, 12] and dielectrics [12, 15, 16] . Please note, due to the availability of free charge carriers, texturing conductors and semiconductors with LIPSS is significantly simpler than structuring dielectrics.
Two types of LIPSS are generally distinguished in the literature by the relation between the applied laser wavelength λ and their spatial periodicity Λ, namely Low Spatial Frequency LIPSS (LSFL) and High Spatial Frequency LIPSS (HSFL). While LSFL reveal a periodicity close to λ, HSFL have a periodicity significantly smaller than λ [12, 15, 17] . The origin of LSFL is described by Emmony et al. [18] as the interaction of the electromagnetic field of the laser and a surface scattered wave generated by the incident laser light. This surface scattered wave that forms the basis of the so-called efficacy factor theory was later associated with Surface Plasmon Polaritons (SPP) [19] . The generation of surface plasmon polaritons is used in several publications with respect to a better LIPSS understanding [17, [20] [21] [22] [23] . SPP are formed, e.g., on a metal-dielectric interface with ambient air acting like a dielectric with positive permittivity ( > 0) and metals having a negative permittivity ( < 0) [21, 22, 24, 25] . For the generation of LSFL on a dielectric material such as glass in ambient air with positive permittivity, however, the conditions for SPP excitation are not fulfilled. Yet, for these materials, LIPSS can also be generated due to the excitation of free charge carriers in the dielectric material by ultrashort pulsed laser irradiation, turning the dielectric surface into a metallic state [17, [20] [21] [22] . This excitation mechanism is related to multiphoton and avalanche ionization processes [26] .
While the majority of scientific studies of LSFL on dielectric materials are based on punctual structures [12, 15, 27, 28] , i.e., LSFL are generated on a single spot only, for industrial applications, the generation of one-and two-dimensional LSFL is mandatory by scanning the laser. For metals [1] [2] [3] [4] 14, 29, 30] and semiconductors [5, [31] [32] [33] , this has been shown in several publications because of the convenience in generating LSFL on these materials with free charged carriers ( < 0). For dielectric materials, e.g., fused silica, the authors recently have shown the transfer from punctual laser irradiation into the dynamic range, i.e., moving the laser spot over the sample [16] . However, these so-called one-Dimensional LSFL (1D-LSFL) reveal periodicities larger than the wavelength of the applied laser and an orientation parallel to the polarization of the laser under normal irradiation, and neither conform with the established SPP theory. This supra-wavelength (Λ LSFL > λ) type of LIPSS has been reported in several publications for punctual laser irradiation of dielectrics [34] [35] [36] with their generation being attributed to hydrodynamic instabilities within a convection roll-driven formation [34] . Beside these supra-wavelength structures, the common way LSFL are shown on fused silica for punctual irradiation is Λ LSFL < λ and still being parallel to the polarization of the laser [12, 15, 28, 36] . These parallel-oriented structures are attributed to radiation remnants [13, 37] .
SPP-generated LSFL having an orientation perpendicular to the polarization of the laser with Λ LSFL < λ on fused silica have been calculated by Höhm et al. [38] within the efficacy factor theory for excited high carrier concentrations. However, Höhm et al. never observed such oriented structures experimentally. Rudenko et al. [39] performed numerical simulations regarding the generation of both HSFL and LSFL on fused silica. Their simulations revealed the generation of LSFL being parallel to the polarization of the laser deeper in the material due to far-field interaction without a plasmonic electromagnetic scenario (low carrier densities). The transition from HSFL to these type of LSFL is executed by the removal of the material at carrier densities below or near a critical carrier concentration. Furthermore, their calculations showed that LSFL that are oriented perpendicularly are hard to generate due to the removal of the material by ablation. For the non-scanning case, we also observed these parallel LSFL in a previous study, but never found LSFL with a perpendicular orientation [28] . Xu et al. [40] found LSFL on fused silica oriented parallel to the polarization of the laser for both, scanning perpendicularly and parallel to the laser polarization. For perpendicular scanning, we also observed parallel-oriented structures in a previous publication [16] . Therefore, we assume that the scanning direction (parallel to the polarization) in combination with the ideal parameters is the key to overcome this limitation for generating LSFL with an orientation perpendicular to the laser polarization.
Against this background, in this contribution, we report on a detailed evaluation of 1D-LSFL generated with a 1030-nm femtosecond laser on fused silica. The influence of the laser fluence and the scanning speed by scanning parallel to the polarization of the laser on LSFL is investigated. To the best of our knowledge, we show an unreported phenomenon on fused silica, namely a perpendicular orientation of LSFL versus laser polarization. However, the periodicity of the structures reveals values between 0.9 µm and 1.0 µm, i.e., being smaller than the laser wavelength.
Experimental Section
An ultrashort pulsed laser (Pharos, Light Conversion Ltd., Vilnius, Lithuania) equipped with a micromachining system with a galvo scanner (RTA AR800 2G+, Newson, Dendermonde, Belgium) and an f-Θ-lens mounted on an adjustable z-stage were used. The f-Θ-lens having a focal length of 100 mm leads to a Gaussian beam diameter 2*ω 0 of 31 µm (1/e 2 ), with ω 0 the beam radius in the focal plane as measured with a high-resolution CCD camera (UI-1490SE-M-GL, IDS). The ultrashort pulsed laser is specified by a wavelength of 1030 nm and a pulse width of 230 fs (FWHM) at a repetition rate of 50 kHz in our experiments. The polarization is controlled with a λ/2-plate, while the pulse energy E p , and thereby, the applied fluence Φ, defined to be Φ = E p /(π*ω 2 0 ), is adjusted by an external attenuator. Natural fused silica has been chosen as a prominent candidate of a dielectric material with a large band gap. Figure 1 shows the used experimental setup, including the scanning direction and polarization of the laser, as well as the orientation of the generated structures. The structures and their surface modifications are analyzed in detail with a Scanning Electron Microscope (SEM, Phenom ProX, Phenom-World, Eindhoven, The Netherlands), an Atomic Force Microscope (AFM, Dimension Icon, Bruker, Billerica, MA, USA) and a transmitted light microscope (DM6000 M, Leica, Wetzlar, Germany). For the interpretation of the experimental results, the established method of transferring captured microscope pictures into Fourier spectra is used [12] . The geometrical dimensions of LSFL are captured via SEM with subsequent image analysis via 2D Fourier transformation. Based on Equation (1), the two-dimensional discrete Fourier transform of the SEM image can be calculated by:
wherein u and v are spatial frequencies in the x and y directions, respectively, and F(u, v) is the two-dimensional spectrum of the microscope image f (x, y). X and Y represent the size of the image f (x, y). 
Results and Discussion
To generate one-dimensional LSFL, the laser spot was translated across the fused silica specimen by the scanner. For the parameter study, we defined a 41 × 41 matrix varying the fluence between 1.40 J/cm 2 and 2.37 J/cm 2 and the laser scanning speed between 50 mm/s and 250 mm/s (i.e., 1681 parameter sets), respectively. Figure 2a summarizes the results for the generation of one-dimensional structures, where we distinguish three regions. For Region I, the scanned lines include more than 50% surface damage (damage > 50%). In Region II, the scanned lines include more than 50% periodic structures (structures > 50%), and finally, in Region III, the scanned lines include more than 50% unstructured areas (unstructured > 50%), respectively. Insets in Figure 2a show examples for the three regions. Apparently, the parameter range including lines with more than 50% periodic structures is a narrow band of combined fluence and scan speed. In addition, 1D-LSFL generation with increasing scanning speeds needs higher fluences to guarantee a certain energy input. Figure 2b shows SEM images of 1D-LSFL in Region II, i.e., more than 50% of the surface exhibits periodic structures, being generated with different scanning speeds and fluences. Please note that the scanning direction was set parallel to the polarization of the laser (white arrow). Obviously, the generated structures are perpendicular to the laser polarization. Contrary to these observations, different authors reported on the generation of LSFL on fused silica with an orientation being parallel to the polarization of the laser for both scanning and non-scanning (punctual) cases [12, 15, 16, 36, 40] . These parallel structures were never observed in our experiment over the entire parameter range in Figure 2a . Furthermore, the observed LSFL reveal periodicities smaller than the wavelength of the laser with the values summarized in Table 1 . Figure 3 shows an AFM image having a field of view of 10 µm × 10 µm (a) and the corresponding modulation profile (b) of the shown structures. The laser parameters are the same as in Figure 2b for the qualitatively most homogeneous 1D-LSFL (140 mm/s and 1.86 J/cm 2 ). The structures reveal an average depth of about 260 nm and a modulation profile resembling a |sin(x)| function. According to the SPP theory, surface plasmon polaritons are formed at a metal-dielectric interface [21] [22] [23] [24] 41] , while their periodicity is calculated with an established equation for the real part of m (Equation (2)) [20] [21] [22] [23] 42] . Here, λ SPP describes the wavelength of the SPP, λ 0 the wavelength of the applied laser, m the real part of the dielectric function of the metallic substrate ( m = m + i m ) and d the dielectric function of the dielectric.
For laser irradiation in ambient air, the dielectric function d corresponds to d = 1, where the real part of m has to be m < −1. For normal incidence, the LSFL periodicity Λ LSFL equals λ SPP , and the orientation of the LSFL is expected to be perpendicular to the polarization of the laser due to the Transverse Magnetic (TM) characteristics of the surface plasmons [20] .
For dielectric materials, such as fused silica, the complex refractive index is n = 1.45 + i0 [43] , and therefore, the dielectric function m = n 2 is not fulfilling m < −1. In the case of ultrashort pulse laser irradiation, the dielectric function of the fused silica specimen is altered due to photo-and avalanche ionization [26] . These mechanisms excite electrons from the valance into the conduction band of the material. Above a certain carrier density N e , the dielectric material turns into a transient metallic state [17, [20] [21] [22] , allowing the generation of SPP. The new complex dielectric function * m = * m + i * m = m + Drude of the irradiated material is calculated with a Drude model described by Equation (3) [44] . Here, e is the electron charge, 0 the vacuum dielectric function, m e the free electron mass, ω = 2πc/λ the optical frequency, m * opt = 0.49 [38] the optical effective mass and τ D = 0.4 fs [38] the Drude damping time. Figure 4a shows the evolution of the complex dielectric function of fused silica for different carrier densities. While the imaginary part * m becomes greater for increasing carrier densities, the real part * m decreases. For a carrier density of 4.58 × 10 21 cm −3 , the real part becomes smaller than −1, fulfilling * m < −1 and thus enabling the generation of SPP. Figure 4b depicts the periodicity of λ SPP for increasing N e , starting at a value of 4.58 × 10 21 cm −3 ( * m < −1). Please note, m in Equation (2) is replaced by the real part of * m for this approximation. Obviously, the periodicity of λ SPP is dependent on the excited carrier density, and λ SPP does not cross the critical value of 1030 nm (laser wavelength). Furthermore, the increasing LSFL periodicities for larger carrier densities are also suggested from Table 1 for increasing fluence levels. The marked area in Figure 4b shows the regime of the LSFL listed in Table 1 , with 932 nm < Λ LSFL > 980 nm. The corresponding carrier densities are between 1.13 × 10 22 cm −3 and 1.87 × 10 22 cm −3 . Again, the SPP theory describes the LSFL generation to be perpendicular to the laser polarization having a wavelength smaller than the laser wavelength, both confirmed by the periodic structures shown in Figure 1 .
(a) (b) Figure 4 . (a) Dielectric function ( * m ) of fused silica calculated with a Drude model for femtosecond laser irradiation; (b) periodicity of the generated surface plasmon polaritons (λ SPP ) for increasing carrier density N e , the red area marking the periodicities labeled in Table 1 .
Conclusions
We have presented experimental and numerical results on the generation of one-dimensional periodical structures on fused silica, having a special focus on the scanning direction being parallel to the laser polarization. By varying the laser fluence and scanning speed of a femtosecond laser, we identified a parameter regime that leads to a preferential LSFL generation with periodicities smaller than the laser wavelength. In addition, we observed the predicted, yet previously unreported, orientation of LSFL on fused silica being perpendicular to the electrical field of the laser. The generation of LSFL with periodicities smaller than the laser wavelength is in accordance with the calculations within SPP theory.
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